tissues to complete a broken surface, and because this force is greater when it is mutual, that is to say, when it is applied to two broken surfaces of like tissue.
Of all the layers in a tree, bark, alburnum, heart-wood and heart, the alburnum is the important one in grafting, since it is the proliferation of its cells in scion and host that brings about the union. In bone, and especially in long bones, the structure is much more complex, and all the layers, periosteum, cortex, endosteum and marrow, take part, to a greater or less extent, in union. It is for this reason that accurate, power-driven instruments are necessary for preparing graft and graftbed; perfect coaptation, so essential to the nourishment of the graft, and to its function as a vessel-conducting and osteogenetic unit, can be attained in no other way. If conditions were similar in the tree, power-driven tools would be necessary for grafting in the vegetable kingdom as well.
Immobilization is effected in plant grafting in two ways, in addition to the fixation provided by the accurate fit of the scion: the site of grafting is either bound with many layers of fabric or is covered with wax, or better, paraffin (see fig.) . These sealing substances serve as a sterile dressing as well, since they keep out fungi. If paraffin is used, immobilization is just as secure, and light (especially the ultraviolet) is allowed to penetrate to the wounded tissues and especially to the bud, which needs the ultra-violet for the metabolic activity of its chlorophyl.
I do not know the history of the double-bladed knife (see fig.) used for plantgrafting, to ensure identity in size and shape of graft and graft-bed. I first saw it many years after I had designed the twin saw. Its use was demonstrated to me by the late Mr. W. J. Krome, in his citrus grove in Florida. Mr. Krome, after many years as a distinguished engineer, during which he supervised the construction of the Florida East Coast Railway to Key West, retired to indulge his interest in biology. Always a keen student of this subject, he used his declining years to the advantage of mankind as well as to his own great enjoyment. He made important studies of tropical and subtropical vegetation and particularly of tree-grafting. He was one of the few men who have the foresight and the qualities to arrange for the last cbapter in their lives so that it will not be an anti-climax. When I last saw him he was full of his hobby and showed me his work and his methods. The twin knife was almost his whole armamentarium.
I did not design my twin saw from this twin knife, but they were equally a response to the demands of the operation. The twin saws may be regarded as cutting calipers since they ensure that the graft will fit the graft bed. In many cases they are used actually to measure distances and to record these on the bone to be cut.
Plant grafting and bone grafting thus have the same objective and are carried out according to the same fundamental principles. The application of these in bone must be more meticulous, since there are added difficulties in a relatively highly specialized tissue nourished by a system of closed vessels.
In the plant the only force to be counteracted is that of the wind, and this only when the scion is a large shoot. In bones there is the pull of muscles, both tonic and voluntary, and the exaggeration of the former by reflex from pain. Fixation and immobilization therefore present difficulties which must be met in a special way. It is necessary to consider bone, therefore, not only as a living tissue with an intricate circulation and metabolic functions, which are only beginning to be understood, but as a rigid piece of material which must be held in place when continuity is broken. For help with the mechanical problem one must go to the joiner and study his various forms of mortise and how he selects each according to the mechanical demands of the situation. Union of graft with host, however much it may be affected by mechanical exactness, is dependent on the principles of biology and physiology that govern the transplantation of tissue as a living, functioning structure. The graft lives if it is supplied with blood from the host Section ot Orthopedics bony union with the host follows in the same way as it does after fracture, by the formation of a granulation-tissue bridge containing osteoblasts which determine first the deposition of soft callus and then its impregnation with lime salts. Having applied the graft in the way most likely to favour its union with the host, one must have faith in those mysterious processes by which the graft remakes its structure, alters its shape and takes on added volume and strength in order to accommodate itself to the demands of its new environment.
My first application of the bone graft was to the spine in Pott's disease. Since then it has been used in grafting most of the bones in the body and for a variety of purposes.
The Inlay Graft.-The inlay graft in long bones is a perfect example of the ploughed-and-tongued joint, as well as of the application of like tissue to like. It is, ther;efore, a complete response both to the biological teachings of comparative botany and physiology and to the principles of mechanics that guide the joiner.
The inlay graft is applied principally to the long bones in cases of non-union. In typical non-union the ends of the fragments are avascular, ciroulation being deficient for a greater or less distance back from the region of the fracture. The bone is sclerosed and eburnated and contains few, if any, osteoblasts. Its vitality, and hence its power of regeneration, is slight. Before the graft came into use it was necessary to cut away all this bone in order to reach healthy bone with greater capacity for regeneration. Now, it is possible (and naturally preferable) to carry the vitality of the healthy bone forward to the fracture surfaces, with the minimal sacrifice of bone tissue and length of limb. A bone graft inlaid into the fragment, reaching far enough back to tap the blood supply and sources of nutrition and osteogenesis in the healthy bone of the host, will bring to the zone of non-union forces which are of the same order as the reparative and osteogenetic power of recently fractured bone. The source of regeneration lies mostly in the soft-tissue structures that sheathe the bone and are enclosed in its medullary canal. Hence the graft and graft-bed are full of thickness, so that like tissue may make contact with like from marrow to periosteum. The vascular channels, especially the capillaries, in graft and host bone unite. Thus the graft obtains nourishment, not only for its own existence and subsequent growth and rearrangement, but for the nutrition of the avascular and impoverished ends of the fracture fragments. It is occasionally necessary to insert a second graft into the first one, or to use a portion of the original graft as a sliding graft when a mishap, such as infection or fracture, has occurred. In such cases one has an opportunity, sometimes late and sometimes comparatively early, of observing the condition of the original graft. It is always well vascularized and bleeds freely when cut. These surgical observations have been confirmed by Sir Arthur Keith, who injected the blood-vessels to demonstrate the vascularization of the graft. He was good enough to show me his specimens at my last visit to the, Roval College of Surgeons.
One must not picture the graft as persisting in the form of a slender bridge between two fragments of sclerosed bone. The graft not only throws out callus and ossifies it, but responds to biological demands, according to Wolff's law, and enlarges and thickens and takes on the structure of the host bone. More than that, the sclerosed fragments respond to the demands of restored function. Just as disuse! brought about atrophy of the organic structures (vascular and cellular) in the useless fragments, so now restoration to usefulness and subjection to stress stimulate reconstruction of the fragments. Vessels grow in, the dense bone is absorbed and the original structure is eventually restored. It is again Wolff's law, which is only one striking expression of the law governing the relation of structure and growth to function.
In the case of non-union of fracture of the patella, in which muscle tension keeps the fragments apart, it is necessary to alter the shape of the graft to suit the mechanical conditions. The graft must have some sort of a device, in the nature of a flange, to resist the tension. I have used an H-shaped graft, one cross-beam being inlaid in each fragment, at right angles with the extremity and the line of tension. The graft-bed, of course, is made of the same shape, advantage being taken of the caliper action of the twin saws to ensure absolute correspondence of bed and graft in size and shape. The periosteum stripped back from the patella before the graft-bed is prepared, is replaced over the periosteum of the graft, and circulation to the graft is thus insured. The cancellous bone of the graft of the patella is also very vascular and contributes to the nutrition.
Grafts of irregular shape are used for loss of substance of the cranium and for repair of the mastoid as well as for cosmetic purposes, especially about the face.
Arthrodesis by Bone Graft.-In painful or progressive destructive lesions of joints, there may be no recourse but to immobilize the joint by arthrodesis. This may be done without arthrotomy by grafts from one member of the joint to the other. The method is particularly applicable to the hip. It is carried out in different ways, a bony bridge being established, by means of a graft or grafts, between some part of the ilium and the great trochanter. In some cases the graft is taken from the trochanter itself; I usually take it from the tibia or the outer table of the ilium. Two grafts are preferable because of their truss-work effect. One end of each is set in a depression of the ilium and the other in a gutter in the great trochanter. Extra-articular arthrodesis bas two advantages: the lesion is not disturbed (a point of greatest importance in tuberculosis), and the grafts are embedded in normal bone capable of providing the most favourable conditions for union and the least risk of infection.
These grafts are not applied as ideally as they are in the long bones for non-union. The cortex of the graft is applied to the cancellous bone of the host. However, since the latter contains the vessels that accompany the marrow and is therefore very vasoular, the graft-bed is eminently able to provide vascular connections for the severed vessels of the various layers of the graft. The vitality of the grafts is well maintained, and they increase in size and seldom fracture, especially when two are used.
The Bone Graft for Diseases of the Spine.-The application of the bone graft to the spinal column is a form of extra-articular arthrodesis. Here the tibial graft is fixed in a gutter made by splitting each spine in two and fracturing one half laterally. The graft traverses not only the affected vertebrae but two above and two below, except in the case of the lumbar vertebra when only one above and one below receive the graft. The purpose of the graft is not only to supply immobilization, but to bring fresh circulation to the lesion itself. The graft includes all the layers, the vitality of which is ensured by the linking up of the circulation, especially of the medulla and periosteum, with that of the host. The graft unites with the split spines, and through them refreshes and reorganizes the disrupted circulation of the diseased bodies. This explanation of the success of the method has been questioned, and the full argument may not be presented here. It is possible that the beneficial effect on the lesion may be attributed purely to the mechanical effect of the graft ; it not only immobilizes but also supports the bodies against the mutual pressure which adds materially to the destructive effect of the disease itself. This support is especially effective, because it is applied as a leverage as far from the fulcrum as possible, namely at the tips of the spines.
The bone graft is used for other spinal abnormalities such as scoliosis, spondylolisthesis, and compression fracture of the vertebral bodies. The method of application is similar. In scoliosis it is inlaid into the spines at the most pronounced portion of the primary curve, after the maximal amount of correction has been carried out. It is particularly advantageous in the paralytic type of scoliosis.
It is occasionally used for extra-articular arthrodesis of other joints, even the sacro-iliac.
Other Applications of the Inlay Graft.-An unusual use of the inlay graft is in the correction of contracted pelvic outlet. I have not been in a position to carry out this procedure in more than a few cases, but its reasonableness and the success so far attained should bring it into decided favour. The procedure is the reverse of that followed in non-union of the patella. The symphysis is prized apart and a graft is inserted into the superior surfaces of the pubic bones to hold them at th)e required distance. The operation is scarcely more formidable than symphysiotomy or pubiotomy, and it has the striking advantages of permanent enlargement of the parturient canal and of stability of the pelvis. The graft is again an inlay from the tibia. The graft is used to change the contour of a joint which is not carrying out its function or is allowing abnormal mobility. Habitual dislocation of the patella is due to malformation of the condylar groove, one of the margins not being pronounced enough to retain the patella in its proper alignment during its excursions as the knee moves. Half the battle is won when the cause is realized, for the cure consists of correction of the groove by bone transplants. One condyle is elevated anteriorly, and held in that position with a wedge graft.
The Onlay Graft.-The onlay graft may be used when the bones to which it is applied are normally vascular and of undiminished osteogenetic power. For instability of the foot, whether congenital or acquired, bone transplants are used, especially when tendon transplantation is not feasible or fails. Campbell uses a "bone-block " or shoulder of bone at the posterior confines of the ankle-joint, to prevent foot-drop and hold the foot in position for walking.
These grafts are onlays, and are intended not, as the inlay generally is, to replace missing structures and to restore original alignments, but to add to or accentu.rto existing contours in order to overcome some abnormality. An onlay graft of this type has been used to correct abnormal facial contours. I have restor.d a chiin when the contour was so defective as to constitute a serious blemisli and militate against the patient's peace of mind or ability to earn a livelihood.
Use of the Graft in Congenital Dislocation of the Hip.-A mixed type of graft is used in the surgical treatment of congenital dislocation of the hip. If the acetabulum is too shallow to hold the head of the femur in place, the rim is fractured outwards and held in position by a key-wedge from the tibia or from the outer table of the ilium. If the head cannot be returned to the acetabulum, ex-cept by inflicting such trauma to the head and acetabulum as might produce serious limitation of movement, a new acetabulum may be formed on the dorsum by turning down a shelf from the outer table over the femoral head and capsule, and bracing it by struts from the same source. 0 The Peg Graft.-The peg graft finds its most common use in ununited fracture of the neck of the femur. A peg shaped from a graft from the crest of the tibia, including all layers, and i in. in diameter, is fitted into a hole drilled from the trochanter through the neck into the capital fragment. The dowel tool which does the shaping corresponds to the drill which makes the hole, so that accuracy of fit is mathematically certain. In no type of grafting can this be dispensed with, but in the peg graft it is even more necessary since the method does not fulfil all the physiological requirements of grafting; the layers of the graft cannot, of course, be all brought into contact with similar layers of the host. The marrow, endosteum and periosteum of the graft must carry the circulation through from the periosteum of the trochanter into the zone of fracture and the capital fragment, the latter being often poorly nourished. The Haversian canals of the graft receive a certain amount of blood supply from the vascular marrow in the cancellous tissue of the host, but, since the Haversian system is arteriolar, anastomosis is not as readily established as it is in the capillary systems of the marrow, endosteum and periosteum. It is for this reason that one should always take care to leave as much as possible of these structures attached to the graft.
The peg graft may also be used in fresh fracture of the neck of the femnur in specially selected cases. It has many other applications: to supplemaent an inlay graft in non-union of long bones; to aid in arthrodesis of the shoulder, the astragaloscaphoid and other joints; to fix an onlay graft, if this is used for non-union of long bones; to supplement or take the place of kangaroo tendon in the fixation of inlay or other grafts.
The Screw Graft.-The screw graft is made by machine from living autogenous bone, in the operating room. A bone peg is first made and this is then threaded. It is used instead of the peg graft when the latter will not get sufficient grip to hold the main graft or to approximate it closely enough to the host bone. When the host bone is thin, as in the cosmetic building of the chin already referred to, the screw graft must be used. It is also employed in holding the graft used in the repair of fracture of the patella, to insure that the graft will not be pulled from its bed by the tension of the quadriceps. It is preferable to the peg graft for fixing the onlay graft if this is used. It is ideal for use in fresh oblique fracture because it draws the fragments together. In ununited oblique fractures it may be used alone or as an auxiliary to the inlay graft.
The Bone-muscle Lever.-The bone-muscle lever which I employ in the reconstruction of the hip-joint is actually a process of autogenous grafting, since the bone fragment of the lever is detached from the femur in order to be set at its new angle. In this way, the part of the trochanter to which the muscles are attached is carried further from the acetabular fulcrum and the action of these muscles is thereby accentuated. Not only is the leverage action of the neck of the femur restored and the function of abduction re-established, but the reconstructed head is prevented, by the more effective tension of the muscles, from dislocating when the limb seeks the mid-line.
Less Common Uses of the Bone Graft.-In severe cases of scoliosis where the ribs impinge on the brim of the pelvis or actually invade the iliac fossa, a bone graft is used as a prop to hold the ribs up, not only to restore the ribs to a less painful position, but, indirectly, to support the spinal column in better alignment and to supplement the direct effect of the spinal graft. The graft is fixed to the brim of the pelvis and (usually) the tenth rib.
The bone graft is used in the creation of digits. After the soft parts have been constructed by the pedicle graft, the new digit is given the necessary rigidity by means of a bone graft fixed to the distal end of the bone of the stump. I have given a sketchy description of the various uses to which the bone graft has been put, and I have outlined tle general principles upon which bone grafting is based. It is true that these principles are not followed equally closely in all the uses of the bone graft which I have mentioned, but conditions are not always suited to the ideal use of a bone graft. On the other hand, certain modifications have been advised by others which depart needlessly from the first principles. Some of these I have never used; others I have experimented with under exceptional circumstances, but always to my regret. Instead of taking the time to discuss the disadvantages of these methods, I have laid down the general principles which underlie all bone grafting and have left the fallacies in other methods to inference.
It would be as contrary to the trend of medicine as it would be discouraging, to think that the possibilities of the bone graft have been exhausted. I can suggest one field still which I have scarcely more than begun to explore, and that is the replacement of congenitally absent bones. I have on numerous occasions, by manufacturing a radius, restored a considerable degree of function to a useless hand in a child. I have already referred to the treatment of congenital contracted pelvis by means of the bone graft. This field will no doubt be further explored. As the fundamental sciences throw still more light on disease and repair, the uses of the bone graft will be further developed. It is that hope, as much as the desire to ameliorate the ills of humanity, which gives zest to one's endeavours.
